Micellar polymer nanoparticles with a core--shell structure obtained via self-assembly of amphiphilic polymers have been intensively investigated as nanomedicine devices for a wide variety of biomedical applications, such as the transport and delivery of biologically active species (drugs, nucleic acids, or proteins) to desired sites of action for the prevention, diagnosis, and treatment of diseases.^[@ref1]^ Polymer nanoparticles facilitate drug formulation by sequestration in their cores through hydrophobic interactions, thereby increasing the solubility of hydrophobic drugs in aqueous media and also prolonging the half-life in biological environments and enhancing binding or uptake by targeted cells. Their unique physical and chemical properties (size, shape, rigidity, and surface charge/functionality) are amenable to ample modifications and can be tuned to improve the drug carrier efficiency, according to the defined biological target.^[@ref2]−[@ref5]^

During the past decade, the appearance of multifunctional micellar polymer nanoparticles that are able to operate simultaneously as drug delivery vehicles and as contrast agents for imaging purposes, and coined "theranostic nanomedicines", has added a new dimension to the field of nanomedicine, as those particles enable the real-time and noninvasive evaluation of treatment response and biodistribution.^[@ref6]−[@ref9]^ Among the different imaging modalities investigated, fluorescence-based techniques, despite their intrinsic limitations such as tissue self-fluorescence and poor tissue penetration at shorter wavelength, present a major advantage over their competitors as they do not require the use of radioactive labels (nuclear imaging), rare elements such as lanthanides (magnetic resonance imaging), or large local concentrations of heavy elements (computed tomography). The synthesis of fluorescent polymer nanoparticles relies mostly on three distinct strategies: 1, the chemical conjugation of organic dyes^[@ref10],[@ref11]^ to amphiphilic polymers; 2, the encapsulation of organic dyes,^[@ref12]^ quantum dots (QD)^[@ref13]^ or fluorescent polymers^[@ref14]^ into the hydrophobic core of micelles; and 3, the synthesis of fluorescent amphiphilic polymers either by copolymerizing fluorescent monomers with a hydrophilic comonomer to generate brush architectures,^[@ref15]−[@ref19]^ or through postpolymerization functionalization of a hydrophobic fluorescent polymer with a reactive hydrophilic polymer.^[@ref19],[@ref20]^ Each approach presents drawbacks, such as the unknown and often limited efficiency of dye conjugation reactions and tedious purification of the conjugates for the first strategy. Self-quenching of the fluorophores loaded in the core of the micelles due to concentration quenching was a major issue of the second strategy. The use of aggregation-induced emission^[@ref21]^ (AIE) dyes have been shown to solve this issue, however, the noncovalent nature of the labeling allows for dye leakage or surface coating detachment. The noncovalent labeling approach with QDs often present pitfalls related to toxicity.^[@ref22]^ Finally, the lack of degradability of the conjugated polymers that are traditionally used as building blocks in self-fluorescent polymers renders those systems less attractive due to potential for biological and environmental persistence.

A major leap forward was made by Yang et al., who reported the synthesis of biodegradable photoluminescent polymers (BPLPs) with tunable emission properties from biocompatible building blocks composed of citric acid, aliphatic diols and amino acids via a polycondensation reaction.^[@ref23]^ More recently the same group has elaborated amphiphilic diblock copolymers via modification of the chain ends of the BPLPs and demonstrated the successful assembly of the resulting amphiphilic copolymers in aqueous solutions to generate fluorescent micelles,^[@ref24]^ while Gong et al. have developed a tumor-targeted fluorescent unimolecular micelle with high drug loading level and pH-controlled drug release making use of BPLPs as fluorescent building blocks.^[@ref25]^

###### Synthetic Strategy toward Self-Fluorescent Micelles (See Also [Scheme S1, SI](#notes-1){ref-type="notes"}) and Properties of *graft*-Copolymers **L~2000~**, **H~2000~**, **L~5000~**, and **H~5000~**
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  name[a](#t1fn1){ref-type="table-fn"}   **AA′**/**AA\***   PEG    *w*~PEG~[b](#t1fn2){ref-type="table-fn"} (%)   *T*~g~[c](#t1fn3){ref-type="table-fn"} (°C)   *D*~h(number,water)~[d](#t1fn4){ref-type="table-fn"} (nm)   *D*~h(number,PBS)~[e](#t1fn5){ref-type="table-fn"} (nm)   *D*~TEM~[f](#t1fn6){ref-type="table-fn"} (nm)   λ~ex~^max^[g](#t1fn7){ref-type="table-fn"} (nm)   λ~em~^max^[g](#t1fn7){ref-type="table-fn"} (nm)
  -------------------------------------- ------------------ ------ ---------------------------------------------- --------------------------------------------- ----------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------- ------------------------------------------------- -------------------------------------------------
  **L~2000~**                            80:20              2000   49                                             --5                                                                                                                                                                                                                 337 (-)                                           420 (-)
  **H~2000~**                            60:40              2000   66                                             --26                                          11 ± 3                                                      15 ± 4                                                    11 ± 5                                          341 (330)                                         417 (406)
  **L~5000~**                            80:20              5000   71                                             --31                                          25 ± 6                                                      25 ± 7                                                    17 ± 6                                          339 (333)                                         417 (497)
  **H~5000~**                            60:40              5000   83                                             --49                                          16 ± 4                                                      18 ± 5                                                    13 ± 7                                          346 (335)                                         415 (411)

**L** and **H** stand for low and high grafting densities, the subscripts 2000 and 5000 correspond to the size of the *m*PEG grafts.

Weight fraction of *m*PEG in the copolymer, calculated as *w*~PEG~ = *m*~PEG~/*m*~copolymer~ × 100.

Determined by DSC.

Determined by DLS in nanopure water (5 mg·mL^--1^).

Determined by DLS in PBS (1×, 5 mg·mL^--1^).

Average diameter by TEM (*n* = 150).

Measured at a chromophore concentration of 6.59 × 10^--4^ M in DMF (nanopure water in parentheses).

Our group has recently disclosed the synthesis of self-fluorescent and degradable poly(carbonate-amide)s obtained in only two synthetic steps from biobased [l]{.smallcaps}-tyrosine ethyl ester and a lignin-sourced aromatic compound: ferulic acid (FA).^[@ref26],[@ref27]^ We now report on our initial synthetic efforts toward the development of self-fluorescent micelles with potential for drug delivery applications.

The overall synthetic strategy toward amphiphilic graft copolymers that were capable of exhibiting self-reporting fluorescent character involved the conjugation of multiple mono chain-end-functionalized hydrophilic *m*PEGs onto the backbone of hydrophobic and fluorescent regiorandom poly(ferulic acid-*co*-tyrosine)s. It has been demonstrated in an earlier report that regiorandom poly(ferulic acid-*co*-tyrosine)s represent an attractive platform in terms of ease of synthesis and photophysical properties, in comparison to their corresponding regioregular analogs.^[@ref27]^ Because of their mostly aromatic backbone, poly(ferulic acid-*co*-tyrosine)s are highly hydrophobic and can be solubilized only in a few organic solvents. To impart amphiphilic character to the poly(ferulic acid-*co*-tyrosine)s, we initially attempted to modify the phenol-functionalized chain ends to introduce reactive groups for subsequent grafting of hydrophilic polymers. This approach met with limited success due to nonquantitative functionalization of the chain ends of higher molecular weight fractions. Therefore, a *grafting-to* approach onto reactive groups along the polymer backbone was developed as an alternate strategy. A new comonomer **AA\*** ([Scheme S2](#notes-1){ref-type="notes"}), structurally analogous to the fluorescent monomer **AA′**, was designed to display fluorescent properties similar to monomer **AA′** and to allow further functionalization of the resulting copolymers via an efficient click-chemistry reaction between the alkyne groups from the **AA\*** repeat unit and an azido-functionalized hydrophilic polymer. The alkyne function was introduced on the **AA\*** monomer through a relatively stable amide linkage to prevent a fast release of the hydrophilic grafts under hydrolytic conditions. Poly(ethylene glycol) is a biocompatible and FDA approved water-soluble polymer that is known to enhance the circulation time of nanoparticles in vivo^[@ref1]^ and was selected to constitute the hydrophilic grafts due to its ready availability with a broad range of chain-end functionalization.

Two statistical poly(carbonate-amide)s, containing either a low (**L**) or a high (**H**) nominal fraction of alkyne groups along the polymer backbone (20 and 40%, respectively) were generated by copolycondensation of different initial feed ratios of monomers **AA′** and **AA\*** with phosgene generated in situ from diphosgene, assuming similar reactivity ratios (Table [1](#tbl1){ref-type="other"}). The structure and purity of the copolymers were confirmed by NMR spectroscopy, size exclusion chromatography (SEC), and thermal analysis (Table [1](#tbl1){ref-type="other"} and [SI](#notes-1){ref-type="notes"}). The relative ratio of incorporation of repeat units **AA′** to **AA\*** could not be determined directly by integration of the ^1^H NMR spectra, due to the overlap of the characteristic resonances, however, the introduction of monomer **AA\*** into the copolymer was confirmed unequivocally by ^13^C NMR spectroscopy (Figure [1](#fig1){ref-type="fig"}a, red arrows, for copolymer **L**, see [SI](#notes-1){ref-type="notes"} for copolymer **H**).

Two α-azido-functionalized *m*PEG polymers of average molecular weights 2 and 5 kDa were *grafted onto* the hydrophobic polymer backbones **L** and **H** using the copper-catalyzed azide--alkyne cycloaddition reaction to afford a series of four graft copolymers with different graft lengths and densities (Table [1](#tbl1){ref-type="other"}). The successful and quantitative PEGylation was confirmed by ^1^H and ^13^C NMR spectroscopies (Figures [1](#fig1){ref-type="fig"}b and [SI](#notes-1){ref-type="notes"}), as well as by SEC analysis. In particular, in the ^13^C NMR spectra, the alkyne peaks from the **AA\*** repeat units at 80.8 and 73.2 ppm disappeared postmodification while a strong peak centered around 71.3 ppm confirmed the presence of the *m*PEG grafts (Figure [1](#fig1){ref-type="fig"}b). Size-exclusion chromatography analysis displayed a shift of the elution peak toward the higher molecular weights and the absence of residual *m*PEG-N~3~ contaminant in the final products after purification ([SI, Figures S1 and S2 and Table S2](#notes-1){ref-type="notes"}).^[@ref26]^ The successful formation of the *graft*-copolymer structures and the absence of residual *m*PEG-azide homopolymer in the final products were further assessed by diffusion-ordered NMR spectroscopy (DOSY)^[@ref28]^ (Figures [1](#fig1){ref-type="fig"}c and [SI, Table S1](#notes-1){ref-type="notes"}). The diffusion coefficients for the two *m*PEG-N~3~ polymers, the starting copolymers (**L** and **H**), the resulting four *graft-*copolymers and a physical blend of the copolymers **L** and **H** with each *m*PEG-N~3~ (2 and 5 kDa) are displayed in the [SI](#notes-1){ref-type="notes"} and give further credit to the successful functionalization and purity of the *graft*-copolymers ([Table S1](#notes-1){ref-type="notes"}). Finally, the thermal properties of the *graft*-copolymers were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The *graft*-copolymers displayed increased thermal stabilities over their parent copolymers, as determined by TGA (ca. 350 °C vs ca. 200 °C, respectively; [SI, Figure S3 and Table S2](#notes-1){ref-type="notes"}), and that trend was linked to the weight fraction of *m*PEG (*w*~PEG~) in the *graft*-copolymers. Similarly, the glass transition temperatures (*T*~g~), as measured by DSC, were influenced by *w*~PEG~: the higher the *w*~PEG~, the lower the *T*~g~ (−5 °C for **L**~**2000**~ vs −49 °C for **H**~**5000**~, for example).

![^13^C NMR spectra of **L** (a), **L**~**5000**~ (b), and DOSY spectrum of **L**~**5000**~ (c) in DMSO.](mz-2015-002274_0002){#fig1}

The self-assembly behavior of the *graft*-copolymers was investigated by direct resuspension of the lyophilized samples into nanopure water or PBS (1×) at various concentrations (1, 5, and 10 mg·mL^--1^). The hydrophilic polymer weight fraction (*w*~PEG~) exerted a critical effect over the solubility of the *graft*-copolymers: **L**~**2000**~, which possesses the lowest *m*PEG weight fraction, could not be resuspended directly into aqueous solutions, even at 1 mg·mL^--1^, whereas **H**~**2000**~, **L**~**2000**~, and **H**~**5000**~ afforded homogeneous solutions upon sonication at room temperature. The effect of the mPEG graft densities and lengths over the morphologies of the polymer assemblies was evaluated by dynamic light scattering (DLS), bright field transmission electron microscopy (TEM), and atomic force microscopy (AFM), and the surface charge densities of the nanoassemblies were measured as ζ-potential values, by electrophoretic light scattering (Table [1](#tbl1){ref-type="other"}, Figure [2](#fig2){ref-type="fig"} and [SI, Figures S4--S8 and Table S3](#notes-1){ref-type="notes"}). Uniform particle suspensions were obtained for all three samples by direct resuspension in nanopure water and PBS (1×) at 5 mg·mL^--1^, as demonstrated by the monomodal size distributions by DLS. A noticeable effect of the graft densities over the size of the assemblies, independently of the graft lengths, was observed both in solution (DLS), and in the dried state (TEM) with number-averaged hydrodynamic diameters, *D*~h~ of 32 ± 11 versus 16 ± 9 and 23 ± 13 nm, and *D*~TEM~ of 17 ± 6 versus 11 ± 5 and 13 ± 7 nm for polymers **L**~**5000**~ versus **H**~**2000**~ and **H**~**5000**~, respectively. Particularly, from the TEM histogram data of [Figure S7](#notes-1){ref-type="notes"}, it is apparent that high density grafting of *m*PEG provides for smaller assemblies than does low *m*PEG graft density, likely due to increased hydrophilic:hydrophobic balance, and although longer *m*PEG grafts would further increase the hydrophilic:hydrophobic balance, the larger volume of the longer grafts also appears to lead to a slight increase in nanoassembly dimensions. The TEM images further confirmed the uniformity of the particle sizes (Figure [2](#fig2){ref-type="fig"}), while by AFM the particles presented a larger apparent diameter, which could be attributed to a deformation of the micelles upon deposition and drying on the glass support. This observation was confirmed by height measurements that ranged between 4 to 6 nm for all three samples. The surface charge of the assemblies was neutral with ζ-potential values between −5 and −9 mV in PBS (1×).

The critical micellar concentration (CMC) of the assemblies was evaluated through the surface tension method as determined by the pendant drop technique, due to the fluorescent properties of the *graft*-copolymers, which prohibited the use of the common pyrene assay,^[@ref29]^ and the inherent limitations of DOSY NMR at low concentrations.^[@ref28]^ The CMC values were determined from the break point of the semilogarithmic plots of surface tension vs polymer concentration at room temperature. The CMC values determined by this method were similar, within experimental errors, for the three *graft*-copolymers ([SI, Table S4 and Figure S9](#notes-1){ref-type="notes"}) and of about 0.2 mg·mL^--1^, which is too high for systemic drug delivery applications, although lower CMC values could possibly be achieved in biologic media due to the salting-out effect.^[@ref30]^

![Characterization of the self-assemblies generated from **L**~**5000**~ in nanopure water by DLS (a); by TEM, stained with PTA (b); by AFM, three-dimensional height image (c), height image (d), phase image (e), and height profile of the cross-section in red in the height image (f).](mz-2015-002274_0003){#fig2}

The photophysical properties of the *graft*-copolymers in their unimolecular (in DMF) and self-assembled states (micelles, in aqueous environment) were probed by UV--vis and fluorescence spectroscopies and compared to the properties of the parent copolymers and monomers. First, the fluorescence profiles of the different compounds were evaluated in their unimolecular states in DMF ([SI, Figure S10](#notes-1){ref-type="notes"}) using multidimensional excitation/emission spectroscopy (3D fluorescence). The "fingerprints" of the electronic levels generated herein, gave similar information to the more common 2D spectra ([SI, Figure S11](#notes-1){ref-type="notes"}), while facilitating the visual analysis. Monomers **AA**′ (λ~em~^max^ 392 nm, λ~ex~^max^ 342 nm) and **AA\*** (λ~em~^max^ 392 nm, λ~ex~^max^ 343 nm) displayed a band structure similar to FA (λ~em~^max^ 402 nm, λ~ex~^max^ 349 nm), but were brighter than FA (2 and 2.5×, respectively) at a chromophore concentration of 6.59 × 10^--4^ M (λ~ex~ 343 nm) in DMF ([SI, Figure S12](#notes-1){ref-type="notes"}). Copolymers **L** and **H** were investigated under identical conditions and displayed similar fluorescence properties (emission intensities, λ~em~^max^, and λ~ex~^max^), in addition to an important red-shift of the λ~em~^max^ (468 and 471 nm for **L** and **H**, respectively) compared to the monomers (**AA**′ and **AA\***, λ~em~^max^ 392 nm; [SI, Figure S13](#notes-1){ref-type="notes"}).^[@ref27]^ It is noteworthy that these new copolymers exhibited red-shifted fluorescence emission wavelengths to regions even more in the visible range of the spectrum (by ca. 55 nm) than the poly(ferulic acid-*co*-tyrosine) copolymers previously reported,^[@ref27]^ which further underlines their potential for applications as biomaterial and medical devices where unique fluorescence/contrast is necessary.^[@ref31]−[@ref34]^ Despite the hypsochromic shift observed in both excitation and emission wavelengths upon addition of the *m*PEG grafts to the parent copolymers **L** and **H**, the emission of the *graft*-copolymers remained in the visible region of the spectrum and was not notably affected by the graft densities or lengths (Table [1](#tbl1){ref-type="other"}). However, further analyses revealed that the relative emission intensities of the *graft*-copolymers were influenced by the *m*PEG weight fraction (Figure [3](#fig3){ref-type="fig"}a). An increase in the graft lengths at constant grafting density (**L**~**2000**~ vs **L**~**5000**~) or an increase of the grafting densities at constant graft length (**L**~**2000**~ vs **H**~**2000**~ or **L**~**5000**~ vs **H**~**5000**~) led to an overall decrease of the relative emissivity of the *graft*-copolymers in DMF, at identical chromophore concentration.

The fluorescence of the *graft*-copolymers was then investigated in aqueous solutions at a chromophore concentration of 6.59 × 10^--4^ M, which is well above the CMC of any of the systems. Gratifyingly, the micelles behaved as broad-band emitters in the 350--600 nm range, which makes possible their detection for imaging purposes by common optical systems that are optimized for DAPI fluorescence, an organic dye widely used as a biological stain.^[@ref35]^ Despite the overall similarity of the emission/excitation properties of all three *graft*-copolymers, as evidenced by 3D fluorescence, it is worth noting that **L**~**5000**~ presented an enhanced emission at 494 nm compared to **H**~**2000**~ and **H**~**5000**~ (Figure [3](#fig3){ref-type="fig"}b and [SI, Figures S14 and S15](#notes-1){ref-type="notes"}) that could potentially be attributed to a lower grafting density in **L**~**5000**~ versus **H**~**2000**~ and **H**~**5000**~. The overlap between the emission spectra for **H**~**2000**~ and **H**~**5000**~, which possess the same grafting density, gives further support to this hypothesis.

![Relative emission intensity spectra for the *graft*-copolymers at a chromophore concentration of 6.59 × 10^--4^ M in DMF (a) and nanopure water (b).](mz-2015-002274_0004){#fig3}

Interestingly, the λ~ex~^max^ of the *graft*-copolymers in aqueous solutions displayed a concentration-dependent behavior above a given concentration, which translated into a red-shift of the maximum of excitation when increasing the polymer concentration ([SI, Figure S16](#notes-1){ref-type="notes"}). This behavior is reminiscent of a CMC-like transition, whereby the physical properties of a solution are affected by the aggregation state of the solute.^[@ref30]^ By plotting the λ~ex~^max^ for the successive dilutions as a function of the polymer concentration, CMC values of 0.2, 0.1, and 0.4 mg·mL^--1^ were obtained for **L**~**5000**~, **H**~**2000**~, and **H**~**5000**~, respectively, which are in agreement with the CMC values determined by the surface tension method (vide supra).

The hydrolytic behaviors of the self-assembled *graft*-poly(carbonate-amide)s were evaluated in PBS buffer at 37 °C and pH = 7.4 to mimic biological environments. Fluorescence spectroscopy was used as a tool to monitor the degradation kinetics, due to the photophysical properties of the systems under investigation and the issues encountered with other techniques. To evaluate the feasibility of the study, a preliminary experiment was performed at pH = 12 on polymer **L**~**5000**~ as a model compound. The micelle solution degraded quickly under these conditions (*t*~1/2~ ∼ 0.5 h, Figure [4](#fig4){ref-type="fig"}a and [SI, Figure S17 and Table S5](#notes-1){ref-type="notes"}), which contrasts starkly with the behavior of the related poly(carbonate-amide)s in the bulk that required extended incubation times (\>2 weeks) at relatively elevated temperatures (70 °C) to degrade.^[@ref27]^ Encouraged by this result, more biologically relevant conditions were then evaluated (pH = 7.4, 37 °C). Unfortunately, one or more of the degradation products appeared to emit within the same wavelength range as the starting micelles at neutral pH, complicating the analysis of the results and leading to the presence of an offset in the degradation plots (Figure [4](#fig4){ref-type="fig"}b). Nevertheless, a clear decrease in the emissivity of all three polymer systems was observed during the first 10 days of incubation, after which the signal eventually plateaued. Fitting of the data was performed assuming pseudo-first-order kinetics and half-lives appeared to correlate inversely with the *m*PEG weight fraction (30--40 h for **L**~**5000**~ and **H**~**2000**~ vs 11 h for **H**~**5000**~).

![Evaluation of the degradation kinetics at 37 °C, pH = 12 for **L**~**5000**~ (a) and pH = 7.4 for **L**~**5000**~, **H**~**2000**~, and **H**~**5000**~ (b).](mz-2015-002274_0005){#fig4}

In conclusion, the synthesis of four degradable, self-fluorescent *graft*-copolymers derived from biorenewable resources that are capable of self-assembly behavior in aqueous solutions is described. The influence of the graft lengths and densities on the overall thermal and photophysical properties, as well as on the morphologies of the resulting self-assembled *graft*-copolymers in aqueous solutions was investigated in detail. With each nanoassembly having number-averaged hydrodynamic dimensions for the entire *D*~h(number)~ histogram \<100 nm, these materials are candidates to achieve an efficient cellular internalization (\<200 nm) without being cleared too easily from the body either by filtration in the kidneys (\<10 nm) or by macrophage cells of the liver and spleen (\>100 nm)^[@ref36]^ revealing their high potential for further investigations toward drug delivery applications. Importantly, the self-fluorescent micelles displayed fluorescent emission in the visible range of the electromagnetic spectrum (350--600 nm) similar to 4′,6-diamidino-2-phenyl-indole (DAPI).^[@ref35]^ This work, as proof of concept for the chemistry, highlights the potential of *m*PEG-*g*-poly(ferulic acid-*co*-tyrosine)s as degradable self-reporting/imaging agents. The evaluation of their potential as imaging agents for in vitro applications will be reported elsewhere.

Experimental details and complete spectroscopic, chromatographic, microscopic, and thermal analysis data for the preparation, assembly, characterization, and degradation of the monomers, polymers, and graft block copolymers. The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsmacrolett.5b00227](http://pubs.acs.org/doi/abs/10.1021/acsmacrolett.5b00227).
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